A T L A N T IC O C E A N

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C).
Concentrations of chemical constituents in water are given in milligrams per liter (mg/L). 
Abbreviations
Abstract
The inland extent of saltwater at the base of the Biscayne aquifer in the Model Land Area of Miami-Dade County, Florida, was mapped in 2011. Since that time, the saltwater interface has continued to move inland. The interface is near several active well fields; therefore, an updated approximation of the inland extent of saltwater and an improved understanding of the rate of movement of the saltwater interface are necessary. A geographic information system was used to create a map using the data collected by the organizations that monitor water salinity in this area. An average rate of saltwater interface movement of 140 meters per year was estimated by dividing the distance between two monitoring wells (TPGW-7L and Sec34-MW-02-FS) by the travel time. The travel time was determined by estimating the dates of arrival of the saltwater interface at the wells and computing the difference. This estimate assumes that the interface is traveling east to west between the two monitoring wells. Although monitoring is spatially limited in this area and some of the wells are not ideally designed for salinity monitoring, the monitoring network in this area is improving in spatial distribution and most of the new wells are well designed for salinity monitoring. The approximation of the inland extent of the saltwater interface and the estimated rate of movement of the interface are dependent on existing data. Improved estimates could be obtained by installing uniformly designed monitoring wells in systematic transects extending landward of the advancing saltwater interface. Since that time, saltwater has continued to intrude beneath the Model Land Area. This area is a relatively flat and poorly drained wetland area in southeastern Miami-Dade County that is bordered on the east and south sides by Biscayne Bay, Card Sound, Little Card Sound, and Barnes Sound. A system of canals, water control structures, and levees regulate the flow of surface water in this area. There is an extensive system of cooling canals in the eastern part of this area that has been hypersaline at times (Hughes and others, 2010) .
Introduction
In the Model Land Area, the saltwater interface is near several active well fields; therefore, an updated approximation of the inland extent of saltwater and an improved understanding of the rate of movement of the saltwater interface are necessary. The U.S. Geological Survey (USGS), in cooperation with Miami-Dade County, mapped the approximate inland extent of saltwater in the Model Land Area in 2016 and approximated the average rate of movement of the saltwater interface in this area based on data collected between 2007 and 2014. This study aligns directly with the strategic science direction for the Water discipline outlined in USGS Circular 1309 (U.S. Geological Survey, 2007) by quantifying, forecasting, and securing freshwater for America's future. The purpose of this report is to provide a map of the saltwater interface (2016), an estimate of the rate of interface movement given the dates of arrival at two wells, and a description of the methodologies used to arrive at these results. The analyses and estimates are based on available data from existing monitoring wells in the Model Land Area.
Mapping the Approximate Inland Extent of the Saltwater Interface
The approximate inland extent of saltwater in the Biscayne aquifer was determined by using (1) chloride concentration and specific conductance of water samples collected from monitoring wells, (2) water conductivity profiles collected in long open-interval wells, and (3) timeseries electromagnetic-induction log (TSEMIL) datasets collected in polyvinyl-chloride-cased monitoring wells. This information was provided by EAS Engineering, Inc., the Florida Keys Aqueduct Authority, the Florida Power & Light Company, the South Florida Water Management District (SFWMD), and the USGS. Almost all of the data provided by the SFWMD for this study area had been collected by the other four organizations, so they are mostly redundant. The information was entered into a geographic information system (GIS) for analysis and mapping. Data used to make the map are available as a data release .
Sampling, analysis, and quality assurance procedures of the organizations collecting salinity data in the study area vary. The approximate saltwater interface is represented by the 1,000-mg/L isochlor at the base of the Biscayne aquifer. The word "approximate" is used because the spatial distribution of monitoring wells is generally insufficient to create a precise representation. The accuracy and precision of this approximation is best evaluated on a location-by-location basis, based on the available monitoring wells. The locations of the monitoring wells and the chloride concentration values are shown on the map (sheet 1, available at https://doi. org/10.3133/sim3380). The line depicting the approximate inland extent of saltwater is dashed where the monitoring well distribution is insufficient to create a reasonably accurate and precise approximation.
The TSEMIL-derived vertical profiles of bulk conductivity provide additional qualitative insights for mapping, such as detection of any influxes of conductive water that do not correspond to the open interval of the well and temporal changes in the depth of the top of the saltwater interface. Where water conductivity profiles were used for monitoring, chloride concentrations were estimated by using a relation based on a linear regression of the chloride concentration and specific conductance as described in appendix 1.
The 
Approximating the Rate of Movement of the Saltwater Interface
The saltwater interface in the study area is advancing at an estimated average rate of 140 meters per year (m/yr). This estimate is based on limited data because there are few wells in this area where the date of arrival of the saltwater interface can be ascertained. Most wells were installed either after the saltwater interface had already passed the location or where the saltwater interface has not yet arrived. The estimate is based on data from monitoring wells Sec34-MW-02-FS and TPGW-7L, monitored by EAS Engineering, The interpolated dates of arrival at well TPGW-7L were December 13, 2013, and April 13, 2014, for concentrations of 250 and 1,000 mg/L, respectively. Given these dates and the distance between these wells, the estimated rate of movement of the front is 137 m/yr based on a chloride concentration of 250 mg/L, and the estimated rate based on a concentration of 1,000 mg/L is 138 m/yr. These estimates can be rounded to an average estimate of 140 m/yr. This rate of movement was used to help interpolate the location of the 1,000-mg/L isochlor in the Model Land Area.
This estimate assumes that the direction of front movement is parallel to a line passing through these two well locations, and that the rate of front movement is constant. Use of this rate for interpolating the position of the saltwater interface elsewhere in the study area assumes that (1) effective porosity is uniform throughout this area, (2) direction of front movement is east to west, and (3) that the rate of front movement is the same throughout this area. Additional monitoring is needed to evaluate these assumptions (see Monitoring Network Improvements section of this report). Given the stated assumptions, the saltwater interface may move under the Newton well field by 2026. This estimate of future movement may be conservative because withdrawals from the well field may influence the rate and direction of travel.
Monitoring Network Improvements
Within the map, the line depicting the approximation of the inland extent of the saltwater interface is dashed near the Card Sound Road Canal and in the area around the C-110 Canal because there were insufficient data for an accurate delineation of the interface. These areas were previously mapped by using helicopter electromagnetic surveys (Fitterman and Prinos, 2012 ) and time-domain electromagnetic soundings (Fitterman and others, 2011) . Monitoring in these areas currently consists of only a few wells that are too far from the expected current location of the interface to provide relevant information. Monitoring near the edge of the elongated extension of saltwater that had intruded along the Card Sound Road Canal (Prinos and others, 2014) is almost nonexistent.
Given the rate of movement of the saltwater interface estimated in this investigation, the chloride concentrations of samples from some of the monitoring wells on the freshwater side of the interface may not exceed 1,000 mg/L for many years. Monitoring well FKS 9, for example, is 0.86 km from the estimated location of the saltwater interface. The 1,000-mg/L isochlor may not arrive at this well until 2023, if the rate of movement of the saltwater interface proceeds at the average rate estimated in this study. Better estimates of the rates of movement are needed before 2023, particularly because the rate of movement may not be constant. Monitoring well FKS 5 is even farther from the approximated location of the saltwater interface than well FKS 9. The rate and direction of movement of the saltwater interface near well FKS 5 are unknown. If the rate of movement were the same as that between wells Sec34-MW-02-FS and TPGW-7L, the 1,000-mg/L isochlor may not reach this well for 26 years if the interface moves northward, or 17 years if the interface moves westward. Water managers would most likely need to have a better understanding of the location of the saltwater interface, its rate of movement, and direction of movement than currently provided near FKS 5.
Differences in the design, placement, quality of chemical analyses, and type of monitoring can add uncertainty to this analysis. The analysis of the rate of movement of the saltwater interface between monitoring wells Sec34-MW-02-FS and TPGW-7L, for example, required a number of estimations, including the relation between specific conductance and chloride, the relation between pumped water samples and in situ measurements of conductance, and the conversion of conductance to specific conductance. These relations and conversions increase uncertainty.
Some monitoring wells, such as well Sec34-MW-02-FS and many of the wells monitored by the Florida Keys Aqueduct Authority, are designed to monitor the depth of the top of the saltwater interface through the collection of water conductivity profiles and water samples from multiple depths. Because these wells have long open intervals, the sample results may be influenced by flow within the well bore during sampling or under ambient conditions . Although several organizations base their sampling on the Standard Operating Procedures of the Florida Department of Environmental Protection, Prinos (2013) states that these procedures "call for sampling of long open-interval wells by pumping from near the top of the water column or top of the open interval, which could result in samples that are not representative of maximum salinity in the aquifer." Uncertainty is also increased because some analyses are performed in the field as opposed to in a laboratory that participates in a quality assurance testing program (see the Mapping the Approximate Inland Extent of the Saltwater Interface section of this report).
Estimates of the rate of movement of the interface could be improved by placing monitoring wells along a transect, spaced at distances that would allow timely detection of any variations in the rate of movement of the saltwater interface, and parallel to the direction of movement of the interface. If four or five such transects were installed in the county, the resulting data could be used to evaluate spatial differences in the rates of movement of the saltwater interface at locations where the interface is encroaching. Collecting TSEMIL datasets in wells in each transect could provide information on how the depth of the interface is changing. Using consistent monitoring methods at wells in each transect could reduce the uncertainty in the estimated rate of movement.
Appendix 1. Estimation of Chloride Concentrations at Wells Where Conductivity Profiles Were Used for Monitoring
At locations where water conductivity profiles were used for monitoring, chloride concentrations were estimated by using a relation based on a linear regression of the chloride concentration and specific conductance of 16,184 water samples collected between November 28, 1940, and September 26, 2016, from 178 monitoring sites sampled by the USGS in southern Florida (table 1-1). All of these sample results are available through the USGS National Water Information System website (U.S. Geological Survey, 2016). The relation is expressed as cc = 0.3458sc − 176.32
(1)
where cc is the chloride concentration in milligrams per liter, and sc is the specific conductance in microsiemens per centimeter.
Conductance was converted to specific conductance using the following relation (Carlson, [n.d.]). 
where c is the actual conductance measured in microsiemens per centimeter, T is the temperature of the sample in degrees Celsius, and r is the temperature correction coefficient for the sample. 
